Shield-driven tunneling has been playing a significant role recently as a standard method in urban tunnel construction. As the main road tunnels have to be connected with ramp tunnels efficiently, engineers have sought to develop steel-concrete composite structures using the longitudinal ribs of the steel segment as shear connectors. However, the shear connector at the connection between different types of members has hardly been studied and its stress transfer mechanism is not well understood. The authors carried out fracture experiments with scale down models for this connection, and examined the stress transfer mechanism and the shear transfer capacity carried by shear connectors and studs. A stress-transfer model for easily calculating shear transfer capacity was developed and verified through the comparison with experimental results and analytical results based on the nonlinear finite element method.
INTRODUCTION
For steel-concrete composite structures, stud dowels (referred to as "studs") are provided to the steel members so that the deformation of the connecting structural members is aligned by complementing the difference in their material properties. In recent years, some projections or openings are made for the steel members as alternatives to studs, in order to transfer shear forces between the steel and concrete. Indeed, the "Proposed Design Code of Steel-Concrete Sandwich Structures" 1) (referred to as "Proposed Code"), which is applicable to steel-concrete composite slabs or submerged tunnels, shows the use of the shear connector, such as an steel angle or a steel flat bar, and the methodology of designing the shear connector.
In the Proposed Code,the main objective of the shear connector is to ensure the integration of the steel panels with the concrete members. The shear forces that act on the shear connectors will be more or less the same as the steel axial force which is induced in accordance with the change in bending moment. Therefore, it is assumed that the shear force applied to each shear connector is smaller than that is calculated from the bending moment.
As shown in Fig.1 , more complicated is the stress transfer mechanism for the shield tunnel connection (referred to as "connection") between the steel segments of a main shield tunnel (referred to as "steel segment") and the reinforced concrete members of a ramp tunnel; the axial force (N), bending moment (M) and shear force (S) acting on the steel segment, which are mainly induced by soil and water pressure, must be transferred to the concrete members within a zone of limited length, and this length is shorter than the length of the concrete members to which the steel is embedded.
The structure is such that the moment and shear force are transferred to the reinforced concrete body, which has been reinforced with U-shaped reinforcements placed around the main girders of the steel segment. This paper only cover the stress transfer due to axial force that is most dominant other than due to bending moment and shear force.
When shear connectors are installed in the shield tunnel connection, the total load which acts on all the shear connectors is large and the amount of the load share for each shear connector varies depending on its location as well as the degree of possible fracture which takes place in the concrete body. The stress transfer capacity of the connection may be affected by the three-dimensional nature of the stress transfer mechanism; see Fig.2 . Therefore, the design methodology of shear connector shown in the Proposed Code is not appropriate for evaluating the shear transfer capacity of the connections.
In order to determine the stress transfer capacity of the shear connectors, the authors carried out fracture experiments using a 1/2 scale model 2) . However, the results obtained in the past experiment were not applicable to other connections. This is because many key parameters, such as the thickness of the main girders of the steel segment, the stress transfer length, the shape of cross section, are changed if the shield tunnel connection is located in a different site with different ground conditions, tunnel depth, and tunnel longitudinal profile.
Hence, it was necessary to conduct fracture experiments with scale down models and check the shear transfer capacity, etc. of the connections as well as generalize the stress transfer mechanism. The cross-sectional specifications for the main girders of steel segments in the actual structure are 500 mm height, installed 750 mm -1200 mm spacing, 70 mm -184 mm thickness and 2.72 -7.14 height/thickness ratio. In the experiment, however, the standard cross-sectional specifications for the main girders of steel segments were assumed to be height 500 mm, installed spacing 1200 mm, thickness 90 mm and height/thickness ratio 5.56.
Based on the background and issues described above, the authors perform numerical analysis of the connection and the fracture experiments using scale down models, in order to elucidate the shear transfer mechanism, the failure mode and the shear transfer capacity.
It is shown that the stress transfer capacity of the connection can be determined by means of nonlinear FEM analysis which accounts for concrete internal fracture; a parametric study is made to clarify the dominant causes that determine the capacity. A simple stress transfer model which is capable to evaluate the rigidity of the concrete and the steel members and to estimate the progress of concrete fracture is proposed, in order to simplify the numerical analysis, and the results of this model are compared with those of the FEM analysis. The fracture experiments are carried out, taking into consideration the boundary conditions, the load application and the three-dimensional nature of the stress transfer mechanism. The results of the experiments are used to validate the numerical analysis of the stress transfer model, and the stress transfer mechanism is discussed, focusing on the shear transfer capacity that is provided by the shear connectors.
The authors should mention Chuah et al. 3) , who made a quantitative determination of the relationship between the shear transfer capacity and the relative displacement of the shear connector. They conducted an experiment using specimens which are installed with multiple shear connectors. This study presents an attempt to re-evaluate the experiment of Chuah et al. and to complement the results of fracture experiments. The results of the current experiments are used to systematically evaluate the shear transfer mechanism of the flat steel shear connectors. Fig.3 . One is the single-plane shear experiment shown in Fig.3 (a) . A bedplate on the top of the specimen is pulled out to evaluate the characteristics of shear transfer capacity of the shear connectors. The top of the specimen on the left side is free to enable sliding from the shear connector along the shear fracture surface. The other method is the double-plane shear experiment shown in Fig.3 (b) . This experiment is commonly performed when evaluating load-carrying capacity of the stud. In this experiment, the entire bottom end of the specimen is supported.
Previous studies using the single-plane shear experiment include the study by Ueda and Chin 4) which formed the fundamental equation for the shear transfer capacity of shear connectors in the Proposed Code, the aforementioned study by Chuah et al. 3) , and the study by Kiyomiya and Kimura 5) . These experiments were able to evaluate the bearing failure of the concrete in front of the shear connector and the occurrence of horizontal concrete cracks originating from the shear connector as well as sliding along these cracks. Ueda and Chin used a single shear connector and carried out experiments in which the thickness and height of the shear connector and the thickness of the bedplate were varied. Their experiments confirmed that bearing failure occurred primarily in the concrete in front of the shear connector and they derived an equation to evaluate load-carrying capacity with respect to this failure mode -namely, the part of Equation (1) used in the Proposed Code that exclude k 3 . Based on the results of experiments with multiple shear connectors, Chuah et al noted that the unique relational expression could be used to evaluate the relationship between the relative displacement and transfer force of shear connectors in each row and also indicated that the progressive shear failure originating at the shear connector near the loading edge was occurred, and they considered the effect of shear connector spacing as k 3 in that equation. In addition, Kiyomiya and Kimura used large sectional shaped steel for shear connectors and indicated that, when the thickness of the shaped steel is insufficient, the compression failure area of the concrete does not extend over the entire bearing area of the front surface of the shaped steel, so in some cases the load-carrying capacity of the experiment is lower than the shear transfer capacity calculated using the Proposed Code. They also indicated that the shear capacity is not directly proportional to the size of the shaped steel.
where A sc ： Bearing area of shear connector resulting (mm 2 )
f' cd ： Design compressive strength of concrete (N/mm 2 ) k 1 ： Coefficient to evaluate shear connector rigidity k 2 ： Coefficient to evaluate bedplate thickness k 3 ： Coefficient to evaluate shear connector spacing As for studies using the double-plane shear experiment there exist the study by Yamada and Kiyomiya 6) which focused on steel-concrete sandwich structures, the study by Suzuki et al. 7) that used angle steel to connect steel girders and concrete slabs, and the study by Kawada et al. 8) that focused on transfered shear force of flat steel. These experiments are carried out based on the punching shear experiment of studs. As the entire bottom surface of the specimen is supported, it is assumed that no sliding occurs at the surface of shear failure along the front end of the shear connector, and that bearing failure of the concrete in front of the shear connector occurs. Yamada and Kiyomiya conducted experiments that deployed a maximum of two rows of angle steel and studs, and they indicated that even when both were used, the overall shear transfer capacity could be expressed by the sum of the capacities when shaped steel and studs are used independently. However, they also indicated that additional verification was needed as their experiment included few specimens and numbers of rows of shear connectors. Suzuki et al conducted experiments using one row of angle steel and, as in the study by Ueda and Chin, they demonstrated that load-carrying capacity was proportional to the product of the bearing area and the compressive strength of concrete. Kawada et al. 8) carried out experiments using multiple rows of shear connectors on an actual size specimen and demonstrated that, if the spacing between the shear connectors could be secured to a certain extent, a coefficient k 3 in accordance with the shear connector spacing in the Proposed Code enabled the experimental results to be evaluated on the safe side.
Consequently, it can be seen that in previous studies there were great differences in the results depending on the experimental method used in the study. The results of the double-plane shear experiment in particular tend to indicate a larger load-carrying capacity than the results of the single-plane shear experiment. 
STRESS TRANSFER PROPERTIES OF SHEAR CONNECTOR
(1) Nonlinear FEM analysis a) Outline of experiment for verification of analysis Nonlinear FEM analysis was performed to evaluate the mechanism for shear transfer between steel and concrete using shear connectors, based on the material properties of the concrete. The experiment of Chuah et al.
3) (referred to as "verification experiment") shown in Fig.4 , which takes into consideration stress transfer through multiple shear connectors and provides detailed results on load and displacement, was selected for verification.
The specimen used for the experiment was a concrete body like beam with height 300 mm and width 150 mm. On the top of the specimen, a 6 mm thick bedplate was provided on which flat steel shear connectors were installed in multiple rows. The left end of the bedplate was fixed to a reaction trestle; with vertical displacement at two points on the top and bottom of the concrete body and with rotation constrained, pullout force was applied to the concrete body from the left end of the bedplate. The parameters for the experiment were the number of rows, spacing, thickness, and height of the shear connectors and the bedplate anchorage length. The concrete strength varied depending on the experiment; it was approximately 20 -30 N/mm 2 .
b) Analysis model
The elasto-plastic and fracture model developed by Maekawa et al. 9) had been incorporated to well-known FEM code DIANA as a constitutive model for nonlinear behavior of deteriorated concrete 10) . The constitutive model in the compression area expressed the nonlinear behavior of the concrete as plastic behavior and damage to elastic rigidity. The model was evaluated as a constitutive model capable of appropriately expressing the behavior of concrete under various stress conditions. Based on detailed experiments under numerous and varied stress conditions, the degree of damage was evaluated as a function of elastic strain, and plastic strain was evaluated as the residual strain when the stress was released. Dilatancy was defined as being dependent on elastic volumetric strain and the degree of damage.
Cracks were modeled using a smeared crack model. To evaluate the origination of a new crack in the different direction from the preceding ones, two models were compared: the rotating crack model and the non-orthogonal fixed crack model. In the rotating crack model, the shear rigidity is defined so that crack is rotated to bring the principal strain axis and the principal stress axis into alignment so as to prevent shear strain from being produced on the crack plane. With this method, there is no need to considerthe shear rigidity produced in the crack plane, making the analysis less complicated. On the other hand, the shear properties are evaluated by allowing that the cracks that have been produced will rotate in accordance with the progress of the analysis, a phenomenon that would be unlikely to occur actually.
The non-orthogonal fixed crack model assumes stress is tilted to a set limit angle with respect to the surface in which cracks have already developed. In this case, the relationship between the shear stress and displacement of the cracks that have already developed must be defined. In this paper, for the simplicity of the analysis model, it was determined to use the relationship between shear strain and the shear stress for which the shear transfer characteristics of the crack plane had been averaged over the elements, although this method is not as good in terms of evaluation of the phenomenon. The contact density model shown in Equation (2) proposed by Maekawa et al. 9) was used as the basis for the relationship. β : γ c r / ε t γ cr : Shear strain due to crack ε t : Tensile strain of normal to crack In Equation (3), Maekawa et al. evaluate the shear stress after the ultimate strain γ u . from which shear softening starts 9) .
where τ dc : Shear transfer stress of concrete considering deterioration γ u : Ultimate shear strain α : Shear softening parameter Fig.5 shows the shear transfer capacity performance from Equation (2) and the performance considering shear softening from Equation (3) as blue lines and red lines, respectively, for three cases: vertical strain of crack plane ε t = 100 µ, 500 µ and 1000 µ. In the figure, the constants in Equation (3) (Specimen 400 µ and α = 0.6. As the figure shows, the shear transfer characteristics are controlled by the shear strain and the strain that is perpendicular to the concrete crack plane. As the limitations of the analysis code prevent the shear transfer stress from being defined as a function dependent on ε t , for the analysis of verification experiment the value of εt was fixed at 1000 µ to consider the status of the strain during the analysis.
As shown in Fig.6 , the analysis model is modeled with the steel as secondary isoparametric beam elements and the concrete as secondary isoparametric plane stress elements. All element lengths were set to 20 mm. The steel used in the shear connectors and the bedplate was modeled as a perfect elastic-plastic material in accordance with the yield conditions of von Mises. An interface element was used as the boundary between the steel and the concrete to allow separation and sliding. This interface element disregarded shear force from both sides at the interface, transferring the surface pressure when the boundary surfaces came into contact and produced surface pressure, and allowing both surfaces to be displaced freely when the force at the boundary surface was removed. As horizontal and vertical displacement and rotation were constrained as boundary conditions, displacement was constrained as shown in the figure.
c) Results of analysis
In the analysis, enforced displacement was provided at the left end of the bedplate by an increment of 0.01 mm, and the displacement was increased until load-carrying capacity was confirmed. Fig.7 shows a comparison of the experimental result and analytical result for the load-displacement relationship in experiment SN-6 3) , in which shear connectors were provided in six rows in accordance with Chuah et al. The displacement was absolute displacement at the base of the second row of shear connectors on the loading end. It was found that the non-orthogonal fixed crack model is able to accurately reproduce the experiment by evaluating the strain-dependent shear transfer stress on the crack plane shown in Fig.5 . Although there were no obvious differences between the non-orthogonal fixed crack model and the rotating crack model, hereafter the non-orthogonal fixed crack model was used for the analysis, due to thehigher consistency with the experiment in terms of the load-displacement relationship, and because it was more appropriate to evaluate the process of craking Fig.8 shows a comparison of the experimental result 3) , FEM analysis result 11) and result by Draft Guideline for shear transfer capacity with the number of rows of shear connectors varied. As the figure shows, the nonlinear FEM analysis is able to reproduce the relationship between the number of shear connector rows and the shear transfer capacity with extremely good accuracy. Moreover, in accordance with the reference 3), the study by Chuah et al, the shear connector closest to the loading end was excluded from the calculation of shear transfer capacity in the figure, since it is greatly affected by the boundary conditions. In addition, as the concrete strength varied in each experiment, the shear transfer capacity was normalized dividing by the strength of concrete. Fig.8 shows the shear transfer capacity of the shear connectors calculated by the equation in the Proposed Code. The Proposed Code present a method in which the shear force acting on the shear connectors in accordance with changes in bending moment is divided by the shear transfer capacity of each shear connector to determine the number of shear connectors that should be provided. For purposes of comparison, the figure shows values determined by simply multiplying the calculated capacity per shear connector by the number of shear connectors. As the Proposed Code is not supposed to calculate the load-carrying capacity of the anchorages, it can be seen that the Proposed Code will overestimate the actual shear transfer capacity. 
d) Predominant factors for shear transfer capacity
As the objective of this paper is to evaluate the stress transfer characteristics at the connections of the shield tunnel and ramp tunnel, FEM analysis was performed for four new parameters. The first parameter is the constraint of bedplate. Unlike the sandwich configuration in which steel is placed around the concrete body, the bedplate for these connections comprises the main girders of the segment that have been embedded in the concrete body. As the shear connectors are placed symmetrically with respect to the bedplate, it would be impossible for the bedplate to rotate or separate from the concrete body. The second parameter is the effect of load. As the main girders make up the major members of the circular shield tunnel, they will be subjected to various loads depending on the sequence of construction. Since the earth and water pressure are dominant, the stress will be predominantly compressive stress. The third parameter is thickness of bedplate. As the main girders of shield tunnel are extremely thick in comparison to the bedplate used in the experiments by Chuah et al, the thickness will vary between approximately 50 and 200 mm depending on the cross-section. Therefore, bedplate thicknesses of 30 mm and 60 mm were added to the standard thickness of 6 mm. The fourth parameter is shear connector spacing. For purposes of comparison with experiment SN-6, 26 shear connectors were provided, and an analysis was performed with the shear connector spacing varying from the standard 100 mm to 20 mm (referred to as AN-26).
In order to evaluate only the effect of each parameter in the numerical experiments relating to the parameters mentioned above, the verification analysis with bedplate thickness of 6 mm was used, and linear elastic material was used for all of the steel including that for the six shear connectors in experiment SN-6. As the objective of this analysis was a comparison based on SN-6, all of the material constants used in the analysis were the same as those for SN-6.
(2) Discussion of axial force transfer a) Effect of constraint condition for bedplate displacement To model the situation in which the main girder with shear connectors on its both sides which is embedded in the concrete, the analysis model shown in Fig.6 was provided with constraint for bedplate displacement in the vertical direction and rotational displacement. Fig.9 shows the analytical results of the load-displacement relationship of shear connect ors as a parameter indicating the constraint of displacement when pullout force was applied to the bedplate in the same manner as the verification experiment. The displacement in the figure is defined as relative displacement between the base and the end of each shear connector. Of the six shear connectors, four are shown; the ones on both ends have been excluded as they are significantly affected by the boundary conditions.
As the figure shows, regardless of whether or not displacement was constrained, the rigidity changed at around 15 kN. This indicates that the change would be related to occurrence of cracks. With no constraint, maximum load was reached when the relative displacement was in the region of 0.03 -0.04 mm, and subsequently the load decreased gradually. When displacement was constrained, the extreme value was reached at around the same load point as in the former case, but subsequently the load increased again. With the aim of evaluating the shear transfer capacity provided by multiple shear connectors through the average shear stress of the concrete, the figure shows values derived by multiplying the tensile strength of the concrete and the bond strength of concrete for the deformed reinforcements (referred to as "reinforcements"), as shown in the Standard Specification for Concrete Structures 12) , by the shear connector spacing and the width of specimen. With no constraint, it can be seen that the shear transfer capacity of each shear connector is equal to or less than the transfer capacity that is equivalent to the tensile strength of the concrete. When displacement was constrained, however, the shear transfer capacity of the shear connectors increased, and at maximum No. of shear connectors n-1 Shear transfer capacity per unit width Pu/(f'c·b)
FEM analysis Experiment Proposed Code value it reaches the transfer capacity that is equivalent to the bond strength of concrete for the reinforcements. The curve for the transfer capacity-displacement relationship to be analyzed using the stress transfer model (to be discussed later) is shown in the figures. Fig.9 shows the curve for the verification experiment. Fig.10 shows the curve for analysis of the fracture experiment with scale down model for the connection (to be discussed later). For the analysis by stress transfer model, parameters were identified from the results of FEM analysis in which the constraint conditions ( Fig.9 ) and load direction ( Fig.10 ) were in agreement.
b) Effect of load action
In the verification experiment, the left end of the bedplate in the FEM model in Fig.6 is displaced. Here, however, in order to evaluate the effect of load action, leftward displacement from the right end was applied to perform an analysis of the action of pushout force. Fig.10 shows the relationship between shear transfer capacity and displacement of each shear connector with respect to both pullout and pushout load action when displacement in the vertical direction and rotational displacement of the bedplate are constrained. Fig.10 shows that there is a point where rigidity obviously changes at around 15 kN when pullout force is applied. When pushout force is applied, however, rigidity change is not so obvious, and a gradual decrease in rigidity is observed when the value exceeds approximately 20 kN. Although there are some variations in shear transfer capacity-displacement relationship, the maximum shear transfer capacity shows similar value regardless of whether pullout or pushout force is applied. In contrast to pullout, in which the shear transfer capacity of each shear connector shows comparatively similar value, in the case of pushout, the shear transfer capacity of the shear connectors near the loading end is approximately 1.5 times that of the other shear connectors. This is because fracture progressed in sequence from the left side of the shear connectors shown in the figure with respect to pullout force, so there are no major differences in fracture status due to the location of the shear connector. In other words, the shear transfer capacity is not affected by the boundary conditions on the left side. In contrast, in the case of pushout, the load was concentrated at the shear connectors near the loading end on the right side, resulting in a fracture mode in which the shear transfer capacity is affected by the support conditions. c) Effect of bedplate thickness Fig.11 shows the results of the load-displacement relationship analyzed using bedplate thickness as a parameter. The analysis was performed for two situations. The first case supposed a steel-concrete sandwich structure to which pullout force was applied with the bedplate not constrained. In the second case, the shield tunnel connection was supposed with the bedplate constrained and pushout force applied. The shear connectors on both ends were excluded, since they are greatly affected by the boundary conditions. As in Fig.7 , the displacement was absolute displacement at the base of the second row of shear connectors on the loading end. As the figure shows, it can be seen the rigidity is increased, when the bedplate is thick and more pushout than pullout force is applied. This is because, with regard to pullout force, even if the bedplate between the shear connectors were expanded, tension would not be transferred at the interface between the shear connector and the concrete, so the only gap between shear connectors would be expanded, and in terms of member rigidity only the rigidity of the bedplate would be involved. On the other hand, with regard to pushout force, if the bedplate between the shear connectors was contracted, the concrete between shear connectors would also resist contraction, so the concrete between the bedplate and the shear connector would behave as a composite member, causing the apparent bedplate rigidity to increase. Load-carrying capacity with respect to pullout force increased as the bedplate thickness increased, but with respect to pushout force, the load-carrying capacity was similar regardless of the bedplate thickness. This is because the thicker and more rigid the bedplate is, the more uniform the transfer capacity of the shear connectors will be, resulting in greater load-carrying capacity. With respect to pushout force, however, the effect of bedplate rigidity is comparatively minor, and the thinner the bedplate is, the more the transfer stress will be concentrated at the shear connectors near the loading end, resulting in a different fracture mode. In addition, in this analysis the load-displacement relationship was quite different for bedplate thicknesses of 6 mm and 30 mm, but there were no major differences between thicknesses of 30 mm and 60 mm, since the load distributed by each shear connector is controlled by the relationship between the relative displacement rigidity at the shear connector and the rigidity of the bedplate. However, if the bedplate has a thickness of around 30 mm, it has sufficient rigidity to allow the rigidity of the bedplate with respect to transfer force to be disregarded. In addition, the effect on the load-displacement relationship is reduced regardless of the constraint condition and the load action. d) Effect of shear connector spacing Fig.12 shows the load-displacement relationship for the application of pullout force and pushout force for SN-6, with a shear connector spacing of 100 mm, and AN-26, with an spacing of 20 mm. In order to agree with the conditions for both of these models, the displacement is absolute displacement at the base of the first row of shear connectors on the loading end. As the figure shows, when the displacement reaches 0.08 mm with respect to pullout force and 0.13 mm with respect to pushout force, the rigidity decreases suddenly in model AN-26 with shear connectors placed at narrow spacings. Fig.13 shows the cracks and deformation for a displacement of 0.10 mm following a decrease in rigidity with respect to the application of pullout force. As the figure shows, the concrete between the shear connectors is greatly deformed, resulting in displacement of the shear connectors. In AN-26 with a narrow shear connector spacing, lateral cracks that connect the ends of the shear connectors occurs, and the rigidity decreases suddenly as a result of these cracks. Fig.14 shows the relationship between displacement and the shear transfer capacity of the individual shear connectors in SN-6 and AN-26. In AN-26, the displacement rigidity decreased, and the displacement when the maximum transfered shear force was produced was about five times that of SN-6. Fig.15 shows the stress distribution perpendicular to the axial direction of the bedplate before the sudden change in concrete rigidity in AN-26 (P/b= 200 kN/m). It can be seen that the tensile stress in this direction at the ends of the shear connectors is predominant. Fig.16 is a schematic diagram illustrating the loads applied to the concrete sandwiched between shear connectors. As the figure shows, the rectangular concrete block sandwiched between shear connectors is subject to lateral force F s from the shear connector, which acts on the right end of the block, and to shear resisting force F c from the bottom of the block. Counter-clockwise moment is applied as a result of these coupling forces. Since the bedplate tends to separate from the concrete, we assume that no vertical reaction force acts on the block from the bedplate. Consequently, the moment is resisted by the coupling force of compressive resultant force C and tensile resultant force T at the bottom of the concrete. Position at which disp lacement is calculated (in Fig.12 )
Location of shear connector
Location of shear connector
Position at which disp lacement is calculated (in Fig.12 )
Assuming that the acting load is applied evenly to all shear connectors for purposes of simplification, F s and F c will be proportional to S. Also, assuming that the coupling forces of C and T is proportional to S and that L h /h sc and L s /S do not change when the stress transfer length is constant, the arm length will also be constant as it is proportional to S, and T/F s will be inversely proportional toS. This indicates that when the shear connector spacing is narrow, crack tends to occur that connects the ends of the shear connectors. It also indicates that the relative displacement of the shear connectors will increase as a result of these cracks. From the behavior of AN-26 shown in Fig.14 , however, even after the displacement of 0.10 mm that occurs after these cracks are produced, the transfer forces of the shear connectors increase, and the ultimate shear transfer capacity will approach that of SN-6. For this reason, it is considered that, with shear connectors installed at extremely narrow spacing, the cracks that connect the ends of the shear connectors decreases rigidity, but even after these cracks have occurred, the shear transfer capacity increases with the progressive displacement along the cracks. As a result, a major decrease in maximum load does not occur. This is because of the adoption of a constitutive model that considers the dilatancy of non-orthogonal fixed crack after cracks have occurred, and because the additional vertical stress on the crack plane accompanying dilatancy is evaluated.
CONSTRUCTION OF A STRESS TRANSFER MODEL
(1) Formulation using the transfer matrix method It was confirmed that the stress transfer mecha nism of flat steel shear connectors could be evaluated by means of a detailed analysis using nonlinear FEM analysis, but nonlinear FEM analysis requires an enormous amount of computational time. Yamada et al. 11) constructed a macro stress transfer model using the transfer matrix method as a simple method of evaluating the transfer capacity provided by shear connectors, and they confirmed that the stress trans fer model is applicable and that the stress transfer length is a dominant factor in the transfer capacity of shear connectors with respect to pullout force. This paper constructs the generalized model with respect to the application of load in stress transfer model, through a consideration of the effect of the concrete between shear connectors with respect to the application of pushout force. In Chapter 5, a model is constructed for the evaluation of shear transfer capacity from studs in addition to that from shear connectors.
For the equilibrium of force for node i+1 in Fig.17 , Equation (4) and Equation (5) are obtained. (5) over the entire length of the member provides equation (6) . This equation makes it possible to determine the unknown quantities at the beginning and end points by providing the boundary conditions. Next, by applying Equation (4) and Equation (5) in sequence, it is possible to determine the displacement and axial force at all nodes.
Equation (6) is expressed in incremental form. By applying the nonlinear characteristics shown in Fig.18 to the spring constant K of shear connector and carrying out convergent calculation, the progress of fracture at each shear connector is determined.
The fact that transfer capacity varies depending on the constraint condition of the concrete was confirmed by the FEM analysis shown in Fig.9 . Based on the experimental and analytical results, for shear type failure the shear transfer capacity is calculated by multiplying the peripheral area allocated to the shear connector by the averaged shear transfer strength between the shear connectors. To ensure consistency with the FEM analysis, as the value for shear transfer strength, a value calculated by the following equations, with the tensile strength of concrete and the bond strength of reinforcement for pullout and pushout, respectively, reduced to approximately 90% is employed. For pullout force:
(N/mm 2 ) (8) For pushout force:
(N/mm 2 ) (9) The skeleton curve between the shear transfer capacity and the relative displacement of shear connector in Fig.18 were determined based on the shear strain of the concrete. The first bending point in the envelope curve was defined to be the elastic limit and,based on the shear modulus of the concrete, this value was defined as the point equivalent to 250 µ at the average shear strain over the height of the shear connectors. The modulus of elasticity of the concrete at this time was reduced to 40% considering the occurrence of micro cracks and so on. The maximum value of transfered shear force was defined by the shear transfer strength and average shear strain of 2000 µ. Moreover, with regard to the post-peak stress-strain relationship, in the following equation that is similar to equation (3), λ is evaluated in accordance with the application of load in order to provide consistency with the FEM analysis. 
Comparison between stress transfer model and FEM In order to verify the shear transfer capacity calculated by the stress transfer model, a numerical analysis was carried out for SN-6 (pullout, without constrained) and SN-6 (pushout, with constrained) using parameters for load action and bedplate thickness. The analysis was performed for six cases comprising the application of pullout force and pushout force for bedplate thicknesses of 6 mm, 30 mm and 60 mm. Table 1 shows the results of FEM analysis and the stress transfer model. From the table, it can be seen that, with respect to pullout force, there is a good agreement between the shear transfer capacity by the FEM analysis and that obtained by the stress transfer model. With regard to pushoutforce as well, there is a good agreement for the greater bedplate thicknesses of 30 mm and 60 mm. For the thinner 6 mm bedplate thickness, however, the shear transfer capacity determined by the stresstransfer model was approximately 20% lower thanthat of FEM analysis. One reason for this is considered to be that, in the stress transfer model, the characteristics of stress transfer from each shear connector are assumed to be identical, but in the FEM analysis it has been shown that large differences in shear transfer capacity of each shear connector are produced. As shown in Fig.10 , in the FEM analysis the transfer force of the shear connectors near the loading end are predominant with a bedplate thickness of 6 mm, and this is considered to have induced differences into the fracture mode.
FRACTURE EXPERIMENT WITH SCALE DOWN MODEL OF CONNECTION (1) Purpose of experiment
Previous studies have been carried out with the objective of determining the load-carrying behavior of sectional force acting on a member with a steel-concrete sandwich structure. Therefore, the shear transfer capacity provided by the shear connectors is assumed to result from the change in bending moment produced in this section. However, as shown in Fig.1 , in the case of this connection, the main girders of the steel segment (referred to as "main girder") are embedded in the concrete body, and the axial force is transferred to the concrete body. In the shear connectors, the longitudinal ribs of steel segment are cut leaving about 100 mm from the main girders. The long side to which the shear connectorsare welded and the short side perpendicular to this side can be considered as surfaces to transfer shear force with the concrete. Accordingly, this is different from the two-dimensional stress transfer mechanism assumed in the Proposed Code. For this reason, in order to verify the shear transfer mechanism for axial force, fracture experiments with scale down models were carried out, taking into consideration boundary conditions consistent with those of the actual structure, the applied load and the three-dimensional characteristics of the load. This experiments were designed to elucidate the stress transfer mechanism and the shear transfer capacicty by the shear connectors, and the effect of reinforcement by means of increasing the number of shear connector rows and combining the use of studs. The specimens were assumed to be reinforced on the actual structure, with simple supports on both ends as shown in Fig.19 . Pushout fracture experiments were carried out for this specimen in which load was applied from the top of the main girder in the center downward. As described in Chapter 2, the reason for providing the simple support on both ends was that the existence of constraint on the base of the specimen was crucial for verifying the mechanism for shear transfer due to axial force. Accordingly, this was done to free the specimen so as to not constrain the main girder from punching out. The side surfaces of the specimen were also free to ensure that the results of experiment would be on the safe side in terms of design. In the actual structure, when a uniform load is applied from multiple main girders adjacently placed, displacement in the out-of-plane direction (i.e., displacement in the direction perpendicular to the side surface of this specimen) is constrained by the symmetry in terms of load and structure.
(2) Method of experiment
The P1 experiment was a fundamental experiment that was based on the longitudinal rib with standard spacing of the shield segments. Shear connectors 5.5 mm thick and 50 mm in height were provided on both sides of the main girders. In specimen P2, shear connectors were added between the standard spacing of longitudinal rib. In specimen P3, studs were provided on the short side (the side perpendicular to the side with the shear connectors installed) of specimen P1. In specimen P4, studs were provided between the shear connectors on the long side (the side with shear connectors installed) of the main girder in specimen P3. Hereafter, the former studs and the latter studs will be referred to as "short side studs" and "long side studs", respectively.
The standard dimensions of the actual structure were assumed to be a main girder interval of 1200 mm and a concrete body height of 2000 mm. The scale of the specimen was 1/2 of these dimensions and the specimen was based on extracting the range between main girders. With regard to the boundary conditions, the side surfaces were left free in order to form the stress condition around the main girders in . the actual structure, and simple supports were provided at a location sufficiently far enough away from the main girders. This would result in a specimen with a width of 600 mm and a concrete body height of 1000 mm. However, the concrete body height was set at 2500 mm in order to provide enough load-carrying capacity with respect to bending fracture and bending shear fracture. Moreover, since the objective was to evaluate shear transfer capacity, the embedded length of the main girders was modeled accurately as 1000 mm, and above this embedded portion polystyrene foam was covered around the main girder to eliminate the adherence to the concrete and thereby eliminate the stress transfer between the main girders and concrete. Lateral ties (D19 for specimens P1 and P2 and D29 for specimens P3 and P4) were placed with spacing of 125 mm on the specimen to prevent the beam from shear fracture when the pushout shear fracture of main girder occurred. The surface of the main girders was coated with a release agent to reduce adhesion to the concrete as much as possible so the axial force of main girder would be carried by only the shear connectors or studs. By measuring the strain between the shear connectors in axial direction of the main girder, the axial load (transferred axial force) carried by only the shear connectors on each row or that of both the shear connectors and studs was obtained. On the actual structure, it is assumed that studs with a diameter of 16 mm will be used, so studs with half that diameter (8 mm) were machined for the experiment.Two types of stud were used: short side studs to be installed on the short side of the main girders and long side studs to be installed on the long side of the main girders. The short side studs were 60 mm in length. The length of the long side studs was made 110 mm so they would project beyond the height of the shear connectors (50 mm) and function effectively on the assumed shear fracture surface of the concrete connecting the ends of the shear connectors. Table 2 shows the details of the main girders and studs, as well as the material properties of the specimen. Loading was monotonic loading in a single direction, and the cracking status, etc. were checked for each loading step. Load cells and mechanical displacement gauges were used to measure the applied load, the deformation of beam and the pushout amount of steel segment at the bottom end of the beam. In addition to strain in the axial direction, the strain of the main reinforcements and lateral ties and the shear strain of the concrete surface and so on were also measured. To determine the behavior of stress transfer from the shear connectors and studs to the concrete, strain gauges were mounted near the bases of shear connectors and studs to measure the axial strain and bending strain. Fig.20 shows the relationship between the load applied to the top of the main girder and the displacement at the loading point. With a comparison of specimens P1 and P2, which have a different number of rows of shear connectors, the load-carrying capacity of specimen P2 with nine shear connector rows is approximately 20% less than that of specimen P1 with 5 shear connector rows. In the P2 experiment, rigidity began to decrease when a load exceeded 1000 kN, and load-carrying capacity was suddenly decreased after 2000 kN was exceeded. The specimens P1 and P2 differed in terms of the post-peak behavior after the maximum load point as well; the decrease in load was smaller in the case of P2 experiment. This is considered to be because, as in the behavior of AN-26 as discussed in Chapter 3, Section (2) d), specimen P2 with a narrow spacing of shear connector was greatly affected by the increased vertical stress in the crack plane accompanying dilatancy.
(3) Results of experiment a) Load-displacement relationship
In specimens P3 and P4 that had been provided with studs, the decrease in rigidity after cracks were less than in the case of specimen P1. The load-carrying capacity of P3, which had studs on the short side of the main girder only, was approximately 20% greater than that of P1, obviously showing the reinforcing effect of the short side studs. In the experiment of specimen P4, which had studs on both short and long sides of the main girder, there was a clear difference with the P3 experiment after the . displacement near the yield point in P1 experiment; the load-carrying capacity was increased by a further 8%. The displacement at maximum load in specimens P3 and P4 that were provided with studs was greater than specimens P1 and P2 with no studs, confirming that the toughness of the connections had been increased. b) Transfered shear force distribution of shear connectors Fig.21 shows a comparison of the transfered shear force of the shear connectors in specimens P1 through P4, obtained by the measurements of strain in the axial direction of the main girders. In order to compare the magnitude and distribution of the transfered shear force on the long side of the main girder, the locations of the shear connectors in specimen P1 with five shear connector rows were used as the standard placement, and the axial stress carried by the shear connectors and studs installed between the shear connectors in specimen P1 was indicated as being evenly distributed to the location of standard shear connectors above and below. As the figure shows, in all of the experiments with specimens P1 through P4, stress was transferred from even the shear connectors on the lowest row until cracks occurred, but the transfered shear force decreased after the occurrence of cracks when the load exceeded 1000 kN.
Compared to the other specimens, the transfered shear force in specimen P2 decreased in a straight line from the top row to the bottom row of shear connectors. The same distribution of transfered shear force was observed even when the load was increased, and there was little change in transfered shear force toward the height direction of the main girder. In contrast, with each of the other specimens, the load of the shear connectors on the top two rows was dominant at the initial stages of loading, but as the ultimate stage of fracture approached, the load carried by the shear connectors reached the limitstate and the load moved down to the shear connectors on the third and fourth rows.
In the case of specimen P1, up to 1500 kN the transfered shear force carried by the shear connector load down to the second row from the top was dominant, and there was almost no transfered shear force carried by shear connector load from the third row downward. After around 2000 kN, however, the load on the third and fourth rows of the shear connectors from the top increased. Meanwhile, it can beseen that there came to be almost no change in the load on the first and second rows of the shear connectors from the top. Finally, the load of the top two rows of the shear connectors on the main girder moved to the third and fourth rows from the top. It is considered that punching shear failure occurred at the shear connectors on the bottom, leading to fracture.
In specimens P3 and P4 provided with studs, the transfer force of each shear connector showed the same trends as in specimen P1. The transfer force carried by the studs on short side of the main girder and the studs between the shear connectors is also distributed to the transfer force at the location of each shear connector in these specimens, so the transfer force changed linearly from top to bottom more evenly in the height direction of the main girder as compared to specimen P1. In addition, the transfer force from the shear connectors on the third row increased at maximum load, and the transfer force of the shear connectors from the first to third rows was In specimen P1 with the standard shear connector spacing and specimen P2 with a narrow spacing, the strain distribution of upper-lower shear connector was different. In specimen P2, the curvature (pro portional to the difference in strain between upper and lower shear connectors) increased constantly until the maximum load. In contrast, in specimen P1, the curvature ceased to be proportional to the increase in load and tended to decrease even before maximum load was reached. The change in the deformation of the shear connectors is considered to have resulted from factors such as the concentration of stress near the base of the shear connectors and the shear softening of the concrete. In specimen P2, meanwhile, this behavior was not observed, and it is considered that ultimate load was reached prior to the transfer force that is determined by the bearing pressure of the concrete at the front of the shear connectors. d) Bending deformation of studs Fig.23 shows the measured strain of the studs from strain gauges mounted on the top and bottom of each of the studs provided on both long and short sides of specimen P4.
With regard to the short side studs, in some locations the strain was observed to reverse itself (from tension to compression on the bottom of the stud and from compression to tension on the top of the stud) when the applied load was increased. The strain tended to reverse at the upward rows where the embedded depth of main girder was shallow with low level of the load; the strain reversal did not occur at the row where the embedded depth was deep. Considering the fact that strain of the stud did not reach yield strain, the change in curvature caused the concrete near the stud welds to become partially plastic, inducing strain reversal in some locations. In other words, this indicates that the studs had reached a state where they could satisfactorily show their load-carrying capacity. For reasons mentioned above, it is assumed that, as in the case of strain of the shear connector, the short side studs on the top of themain girders transfer load at or near load-carrying capacity, when they are used independently, but the studs on the bottom are not able to satisfactorily show their load-carrying capacity.
With regard to long side studs, the same type of strain reversal as in the case of short side studs was observed for the studs on the top of the main girders, but there was no significant strain reversal for the long side studs provided on the bottom of the main girders. Moreover, compared to other studs, the level of strain induced was also low. Consequently, it is assumed that the long side studs on the bottom of the main girder did not sufficiently show their load-carrying capacity. 
e) Internal cracks
Photo 1 shows the internal cracks of specimens P1 and P2. From the photo, it can be seen that there are less cracks in specimen P2 with a narrow shear connector spacing than in specimen P1 and that, as in the case of AN-26 in the two-dimensional FEM analysis shown in Fig.13 , linear cracks connecting the ends of the shear connectors have occurred. Accordingly, it is assumed that linear cracks connecting the ends of the shear connectors occurred when the shear connector spacing was extremely narrow, by means of the cracking occurrence mechanism observed from the two-dimensional FEM analysis, and that relative displacement occurred along this shear face. On surface B of specimen P1, diagonal cracks from the shear connector base and ends were observed, but on specimen P2, fracture was concentrated near the ends of the shear connectors. This was also similar to the results of the FEM analysis.
Photo 2 shows a vertical section perpendicular to the long side of the shear connector along the center line of the main girder, in order to confirm deformation of the stud and internal cracks of the long side studs on specimen P4. The photo confirms that the studs act as dowels, being placed so as to cross the diagonal cracks that start from the shear connector. As shown in the load-displacement relationship in Fig.20 , the relative displacement along the diagonal cracks mentioned above is considered to be sufficiently large at the displacement (7 -8 mm) at which specimen P1 reaches load-carrying capacity. The difference between specimens P3 that does not have long side studs and P4 is to be considered that the increased shear transfer capacity of specimen P4 is due to the dowel effect of the long side studs. From Photo 2, it can be seen that, as the cracks on the bottom have spread diagonally, the studs on the lowest row are not functioning effectively as members to transfer shear force.
(4) Evaluation using FEM analysis a) Analysis model
A two-dimensional FEM analysis was performed for the verification experiment shown in Fig.4 . The results of experiment were reproduced by the analysis and the material properties for the stress transfer model were set based on the stress condition in the analysis and the progress of fracture. Here in order to evaluate the stress transfer characteristics of the shear connectors constrained in three-dimensionally, a nonlinear FEM analysis using the three-dimensional model shown in Fig.24 was carried out for specimen P1 of the fundamental experiment. Only 1/4 of the specimen was modeled with consideration for the symmetry of the specimen and the applied load. As in the case of the verification experiment, the material properties used for the analysis were elastic-plastic fracture constitutive model with respect to concrete and perfect elastoplasticity with respect to steel. For the interface between steel and concrete, an interface element capa ble of considering displacement and separation was used. However, as pushout force from top to bottom is applied to the steel in this experiment, the concrete between the shear connectors will contract, so displacement tends not to occur between the steel and the concrete. Moreover, separation also tends not to occur, since the area around the main girder is constrained in three dimensions. Therefore, interface elements were only provided for the section above the top row of shear connectors where it is considered that displacement will definitely occur, in order to consider the discontinuity of displacement in this analysis.The reason is because of ensuring the stability of the numerical calculation,with respect to the great increase in the degree of freedom with three dimensional modeling. Fig.25 shows the relationship between the applied load and the displacement on the bottom end of the main girder. As in the case of the two-dimensional analysis, a non-orthogonal fixed crack model was used. Strain ε t in the crack orthogonal direction was analyzed as a parameter. Differences in the ε t value were observed around 1700 kN at which relative displacement at the cracks occurred, but if the value was set at ε t = 800 -900 µ, the shear transfer capacity of the P1 experiment could generally be reproduced.
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b) Results of analysis and discussion
Since the discontinuity in the interface between the steel and concrete was not taken into consideration in the analysis, there were differences with the experiment even at the initial loading stage prior to 500 kN, and the occurrence of flexural cracks in the specimen P1 was different for the experiment and analysis at 1200 kN and 1500 kN, respectively. However, in both cases cracks of concrete progressed across the entire area of the specimen, and FEM analysis adequately evaluated the fracture status of the specimen P1. Therefore, after this FEM analyses showed only the result with ε t = 900 µ in Fig.25 that reproduced the load-carrying capacity satisfactorily. Fig.26 shows the experimental and analytical results for the relationship between applied load and the transfered shear force of each shear connector. Until about 1200 kN, there was good agreement between the experimental and analytical results for the transfered shear force of the upper shear connectors, SC1 and SC2. In the experiment, up through this loading stage, the results for the shear connector at lowest row (SC5) were better than those for SC3 and SC4 above. After this loading stage, however, the transfered shear force decreased, and the transfered shear force of the other shear connectors began to increase. In the experiment, at 1700 kN the transfered shear force of SC2 was converged to approximately 600 kN, while that of SC3 increased significantly. In the analysis as well, changes along with the increase in displacement in Fig.25 were observed at this loading stage, and the transfered shear force decreased temporarily and was then restored. With the increase in load, the transfered shear force from the upper shear connectors SC1 and SC2 reached the limit value, and the transfered shear force of SC3 and SC4 below began to increase. In contrast, unlike the experimental results, in the analysis the transfered shear force of SC1 converged to a peak but that of SC2 increased. However, the results had a good agreement with the experimental results in that the center of gravity of the resultant force of the transfered shear force moved downward as fracture progressed. Fig.27 shows the principal stress distribution of concrete near the main girders at a load of 1000 kN and at maximum load. As the figure shows, at the upper portion of the concrete sandwiched between the shear connectors, the value at maximum load exceeds the compressive strength of concrete. Fig.28 shows the principal strain distribution in order to describe the cracks near the main girders after maximum load has been applied. Based on a comparison with the internal cracks in the experiment (see Photo 1), the analytical results correctly expressed the results of experiment for the internal fracture: conical cracks at the base of the specimen, diagonal cracks progressing from the main girders in the span direction of the specimen, vertical cracks along the main girders and so on. Accordingly, the stress distribution near the main girders is assumed to be correct. Fig.29 shows the distribution of shear stress produced on the vertical surface near the main girders at maximum load. As the figure shows, the shear stress applied to the short side of the main girder is several times larger than that acting on the long side of the main girder (the side on which the shear connectors are installed), so the shear stress around the main girders is not uniform. connectors Experiments P1 through P4 will be discussed by means of the stress transfer model used for the verification experiment. In the fracture experiment using scale down model, the relationship between transfered shear force and displacement in the direction of the long side of the main girders provided with shear connectors is considered to be the same as that in the two-dimensional analysis verification experiment. For the direction of the long side, the relative displacement between the end of the shear connector and the main girder was used to determine rigidity as relative displacement, but for the direction of the short side, the average relative displacement is assumed to be 1/2 that in the direction of long side; moreover, based on the stress distribution in the FEM analysis, rigidity of the shear connector is assumed to be twice that in the direction of the long side. With regard to the direction of the long side, the bond strength of concrete with respect to the deformed reinforced bars provided in Reference 12) was assumed to be the limit value for shear transfer capacity, but stress in the direction of the short side is assumed to be nearly pure shear, based on the stress distribution and so on from the FEM analysis in Fig.29 , so the shear transfer strength of concrete shown in Equation (2) was set to the ultimate value for shear stress. In the verification experiment, the maximum point of the shear transfer characteristic curve for the shear connectors shown in Fig.18 was set to 2000 µ, but for the fracture experiment using scale down model it was set to 4000 µ with consideration for ensuring consistency with the FEM analysis. Moreover, in the P2 experiment, linear cracks that connected the ends of the shear connectors occurred, and the displacements of shear connectors are considered to be large (see Fig. 14) . As a result, the maximum stress for the assessment of specimen P2 was set so that relative displacement would increase at a load of 70% of the elastic limitbased on Fig.14 , producing five times the relative displacement of the specimens P1, P3 and P4, with the standard shear connector spacing. Fig. 30 shows the shear transfer characteristics of the shear connectors in the stress transfer model for the fracture experiment using scale down model. Fig.31 and Fig.32 show the relationship between the applied load and the transfered shear force of each shear connector for specimens P1 and P2, respectively, in the stress transfer model.
In the experiment, differences in the transfered shear force between the stress transfer model and experiment were produced for the shear connectors at the bottom, but in the shear stress transfer model the transfered shear force was distributed to the shear connectors from the top to downward in sequence for both specimens P1 and P2. In the case of specimen P1, the transfered shear force of SC1 reached the ultimate value at approximately 2000 kN, while the transfered shear force of SC3 and SC4 increased. These results agree well with the experimental results. Since it was not possible in the stress transfer model to express the failure of the concrete around the shear connectors due to bending as a beam, the flexural cracks at around 1200 kN and the decrease in transfered shear force of SC5 could not be expressed in detail. In view of a macro perspective, however, the stress transfer model is to be considered to satisfactorily evaluate the transfered shear force of each of the shear connectors.
From Fig.32 , it can be seen that, for specimen P2, the transfered shear force of SC1 in the stress transfer model is predominant to that of the other shear connectors from the initial stages of loading. In the experiment, below 1000 kN the value of the transfered shear force was not particularly great as compared to the other shear connectors. After exceeding 1000 kN, the increase in the transfered shear force at SC1 was significant, and when the load exceeded 2000 kN, the transfered shear force decreased suddenly. On the other hand, in the stress transfer model, the transfered shear force at SC9 on the lowest row reached the ultimate value at around 1200 kN, while SC1 reached the ultimate value when the load exceeded approximately 1600 kN and SC3 reached the ultimate value when the load exceeded approximately 1750 kN. Finally, maximum load was reached after the transfered shear force of the shear connectors on the bottom from SC5 downward had begun to increase. As in the case of P1, the stress transfer model is to be considered for adequately evaluating the time dependent changes in transfered shear force as a macro model in practical use. b) Evaluation of transfered shear force of short side studs In order to evaluate the short side studs by the stress transfer model, as in the case of the shear connectors in Equation (5), spring was added to represent the shear transfer characteristics of the short side studs. Moreover, as the studs used in the scale down model experiment were the studs specially made to order with a diameter of 8 mm, the pushout experiment shown in Fig.33 was carried out to confirm their shear transfer characteristics.
The shear transfer characteristics of the experimenal results and the calculation results from Ollgaard et al. 13) in Equation (11) As a result of the above, the effect of the short side studs was considered in the stress transfer model based on equation (11) . As shown in Fig.19 , the short side studs are installed on the short side of the main girder with even spacing of 60 mm. In the calculations, however, the individual studs are not modeled; rather, they are evaluated as a block (see Fig.19 ), with several studs put together at the same positions as those at which the shear connectors are installed. Fig.34 shows the relationship of the ratio of the force to the shear transfer capacity of the studs and the applied load. As the figure shows, according to these calculation, the upper and lower block of the studs will show a capacity of 60% and 40%, respectively, and the average shear transfer capacity of the studs will function effectively with their capacity of approximately 50%. The reason that the shear transfer capacity is lower as compared to the independent use of short side studs is considered to be that the rigidity of studs is lower than that of shear connectors, so until when the load reaches shear transfer capacity of shear connectors, the studs are not able to show sufficient load-carrying capacity. And, at the loading stage at which the studs show their shear transfercapacity, the cracks of concrete around the studs has already occurred, and this is also considered to be a factor reducing the shear transfer capacity. c) Evaluation of long side studs
As shown in Fig.20 , when the fracture is occurred finally, the differences between specimens P3 and P4 become apparent. Up until that load, the characteristics of deformation are considered to be identical. Moreover, as described earlier, it was confirmed that the long side studs transfer shear force through a dowel effect. Therefore, for evaluation of the long side studs the studs in a stress transfer model were not considered as a spring constant, but rather the trans- fer capacity from the dowel effect was added to estimate the shear transfer capacity. The dowel effect was modeled as a shear transfer capacity by means of the CEB-FIP model code 14) in equation (12) . The shear transfer capacity for a single long side stud as calculated by equation (12) was approximately 8.60 kN/stud. The difference in maximum load between P3 and P4 is assumed to be the increment of the shear transfer capacity resulting from the long side studs, and the shear transfer capacity was estimated at 7.56 kN/stud, so the experimental value agree comparatively well with the calculated value. As shown in Photo 2, the studs on the lowest row are to be considered not functioning effectively as shear force transfer members due to the diagonal spread of cracks at the base of the specimen. Accordingly, of the 32 long side studs on specimen P4, the 28 that exclude those on the lowest row are assumed to be functioning effectively, and the shear transfer capacity of each stud was assessed at 8.64 kN, a value that is in extremely good agreement with the shear transfer capacity calculated by equation (12) . σ s : Stress of dowel material resulting from axial force (= 0) f sy : Yield strength of steel The load-carrying capacity of specimen P4 was calculated by adding the capacity for 28 long side studs to the value of specimen P3.
(6) Evaluation of shear transfer capacity Table 3 shows the results of the fracture experiment, the stress transfer model, the Proposed Code and the FEM analysis. From the table, it can be seen that, by means of a three-dimensional evaluation of the shear transfer characteristics around the main girders, the stress transfer model was able to appropriately evaluate the number of rows and spacing of the shear connectors as well as the effect of both studs and shear connectors. As for specimen P2 with a narrow spacing of shear connector, the shear transfer capacity was evaluated even lower than in the experiment. This is mainly because on specimen P2 the ratio between spacing and height of the shear connector was 1.8, but the value of 1.0 used for the two-dimensional analysis of extreme cases was set in the calculation, resulting in overestimating the effect of the shear connector spacing.
The Proposed Code evaluated the shear transfer capacity lower than the experimental values, since these evaluations were for a steel-concrete sandwich structure. Therefore, the shear transfer capacity was estimated with only the shear connectors on the long side taken into consideration. In the experiment, the load-carrying capacity of P2 was lower than that of P1, however in the Proposed Code the shear transfer capacity for P2 was greater than that of P1, even though the effect of the shear connector spacing was taken into consideration. Based on the above con sideration, although the Proposed Code conservatively evaluated the shear transfer capacity for the connections, the stress transfer model is able to evaluate shear transfer capacity based on a appropriate FEM analysis or other model, as a simple method to carry out rational calculation of shear transfer capacity.
From these results, when the shear transfer capacity of the shear connectors by cutting the longitudinal ribs of the segments in the actual structure is insufficient, short side studs should first be provided, and if further shear transfer capacity is required, long side studs should then be provided.
CONCLUSION
In this study, fracture experiments by scale down models were carried out with the objective of elucidating the axial force transfer mechanism of the connections between the steel segments of the shield tunnel and the reinforced concrete body of the ramp tunnel, as well as the transfer capacity of these connections. A nonlinear FEM analysis and an analytical study using a stress transfer model were also performed for the shear transfer capacity by shear connectors and studs. Based on the results of this study, the following conclusions can be drawn.
(1) By appropriately establishing a constitutive model that includes cracks of concrete, the results of previous experiments 3) in which multiple shear connectors were provided, is reproduced. (2) When shear connectors are provided in multiple rows, simply multiplying the shear transfer capacity of the shear connectors by the number of rows as described in the "Proposed Code for Design of Steel-Concrete Sandwich Structures" 1) results in overestimating the shear transfer capacity. (3) Since the Proposed Code do not take into consideration the stress transfer in the short side direction of the main girders, they are not able to appropriately evaluate the shear transfer capacity at the connections. The numerical model by considering the three-dimensional stress transfer in the long side and short side directions of the main girders, is capable of evaluating the shear transfer capacity satisfactorily. (4) Through nonlinear FEM analysis, it is confirmed that displacement constraint due to the bedplate, action of load, bedplate thickness and shear connector spacing are the factors that affect the shear transfer characteristics of the shear connectors. (5) The shear connector spacing has a major influence on the relationship between shear transfer capacity and displacement. When the spacing of shear connectors is comparatively narrow as performed in the experiment (shear connector spacing 180 mm and shear connector interval/height ratio of 3.6), reducing the spacing of shear connectors and increasing the number of shear connectors may not be effective for increasing load-carrying capacity, and in some cases reduce rigidity and load-carrying capacity. (6) Short side studs are effective in increasing rigidity and load-carrying capacity in the shear transfer of the connections. Specimen P3, which is provided with the short side studs, has approximately 20% greater shear transfer capacity as compared to specimen P1 without studs. (7) Based on the shear transfer capacity and internal fracture observed in the experiment, long side studs are confirmed to improve shear transfer capacity through dowel action when the displacement due to shear fracture become apparent. 
